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An ultra-low field (ULF) magnetic resonance imaging (MRI) system was set up in an urban laboratory
without magnetic shielding. The measured environmental gradient fields of 1 5lT/m caused image
distortion. We designed a gradient detection and compensation system to effectively balance the
gradient tensor components. The free induction decay signal duration of tap water was thus extended
from 0.3 s to 2.5 s, providing the possibility for high-resolution imaging. Two-dimensional MRI images
were then obtained at 130lT with a helium-cooled second-order superconducting quantum interference
device gradiometer. This result allows us to develop an inexpensive ULF MRI system for biological
studies.VC 2013 American Institute of Physics. [http://dx.doi.org/10.1063/1.4795516]
Ultra-low field (ULF) magnetic resonance imaging
(MRI) based on superconducting quantum interference de-
vice (SQUID) detection exhibits attractive advantages,1 such
as imaging in the presence of metallic objects,2 T1-weighted
contrast imaging of tumors without contrast agents,3 simulta-
neous functional and structural imaging of the human brain
with magnetoencephalography (MEG), MRI,4 etc. All these
results were achieved in a magnetically shielded room
(MSR). The drawbacks of a MSR are its high cost and the
fact that it is a small closed room.
In order to reduce the system cost and to realize an open
system, we set up an ULF MRI system at an urban laboratory
without magnetic shielding. In this case, the measurement
field (Bm) includes the environmental magnetic field super-
posed onto the static field (B0) applied by a Helmholtz coil
pair. The time domain fluctuations and the spatial inhomoge-
neity of the environmental magnetic field thus become the
major challenges. We effectively stabilized temporal field
fluctuations as strong as 1 lT by the active compensation
method.5 However, the behavior and variation of the spatial
gradient tensor6 which have been well studied in geophysical
research need to be elucidated for unshielded ULF MRI
detection.
The subject of this paper is a gradient tensor detection
and compensation system that we developed for unshielded
ULF MRI experiments. The gradient field tensor was meas-
ured using six fluxgate magnetometers. Then the measured
tensor components were cancelled by six pairs of gradient
coils. After optimizing the compensating currents flowing in
the coils, 2D MRI was performed.
The nuclear magnetic resonance (NMR) signals and MRI
images were recorded by a 2nd order gradiometer (number of
turns: 1-2-1, niobium wire diameter: 0.1mm) which inductively
coupled to a liquid-helium-cooled dc SQUID. The diameter and
baseline of the gradiometer were 18mm and 2 40mm, respec-
tively. The environmental noise spectrum measured by the 2nd
order gradiometer exhibited white noise above 5kHz at the level
of 30 fT/HHz. The measurement field Bm was chosen to be
129lT, corresponding to a 1H Larmor frequency of 5.5 kHz.
The schematic of ULF MRI system built up in our lab is
shown in Fig. 1. The vertical component (B\) of earth’s
magnetic field was compensated by a square Helmholtz coil
pair (not shown in Fig. 1 for simplicity) and its horizontal
component B// is about 29 lT. The applied static field B0 and
the ac pulse field Bac were generated by circular Helmholtz
coil pairs set along x and y axis, respectively. The total mea-
surement field Bm of about 129 lT was formed by the super-
position of B// and B0. The 3D gradient fields designed for
MRI were produced by a round Maxwell coil pair with a ra-
dius of 0.416m (Gxx¼ @Bx/@x) and two planar gradient coil
pairs (Gxy¼ @Bx/@y & Gxz¼ @Bx/@z) with side lengths of
1.03m and distance of 0.82m. The design of our planar coil
pair was illustrated by Zhang et al.7 The 10 rectangular coils
increase in width from 0.1m to 0.5m with a step of 0.1m on
each side, and their number of turns are 18, 14, 10, 6, and 2,
respectively. The 0.65 T NdFeB permanent magnet pair
providing the prepolarization field Bp was placed 1.5m away
from the cryostat (the measurement position). The yoke
made of soft iron surrounding the magnets guides the mag-
netic field lines and reduces their leakage, therefore improv-
ing the field homogeneity at the measurement position. The
sample was driven by a commercial electric actuator and
automatically transported from the magnet gap to the
SQUID detector in 1.4 s after prepolarization of 6 s. Benefits
and challenges of this approach as compared to in-situ prepo-
larization were discussed by Liu et al.8 Subsequently, the ac
pulse field was applied to tilt the magnetization.
The gradient field in laboratory environment consists of
not only the first-order but also the higher order gradient com-
ponents. For simplicity, we assume that only the first-order
components influence the NMR/MRI detection. To evaluate
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the first-order gradient field tensor consisting of nine compo-
nents, a gradient field tensor measurement module comprising
six three-axis fluxgates (Type MAG-03 from Bartington
VR
Instruments) was constructed as shown in Fig. 2(a). To avoid
interference between sensors and to enhance the gradient sen-
sitivity, a separation 2x¼ 2y¼ 2z¼ 30 cm between two flux-
gates aligned along one of the coordinate axes was chosen.
For instance, the G
ðmÞ
xz component is determined by taking the
difference of Bx measured at the points (0,0,z) and (0,0,z),
divided by the distance, 2z. As shown in Fig. 2(b), the meas-
ured G
ðmÞ
xz remained almost constant at a value of about
5.46lT/m over a period of 4 h. This indicates that there is a
good time correlation of the magnetic fields at the positions of
the two fluxgates.5
Such gradient field will undoubtedly influence the MRI
detection and cause the image distortion. One evidence is the
NMR signal of two bottles of 6ml water recorded in pres-
ence of environmental gradient fields. The two bottles were
separated by 2.5 cm along the x axis, thus the Gxx of 4.38lT/m
caused a NMR peak splitting of about 5Hz, but the peak
heights differed. The G(m) tensor remains nearly constant
during a quite long time, for example, one week or longer,
indicating that the gradient field in our lab is mainly caused
by the immobile magnetic sources, e.g., room walls, equip-
ment nearby, etc.
Due to the geometrical constrictions imposed by the
cryostat as well as the compactness and simplicity of the
ULF MRI system, only six sets of gradient field coil pairs
shown in Fig. 3(a) were used to compensate the environmen-
tal gradient field tensor. Besides the 3D imaging gradient
coils, G
ðaÞ
xx , G
ðaÞ
xy , and G
ðaÞ
xz , two more planar gradient coil pairs
were used to produce G
ðaÞ
yx and G
ðaÞ
yz . G
ðaÞ
yy was generated by
the opposite connection of a pair of square Helmholtz coils.
After applying the six gradient fields, all nine components of
the final gradient tensor at the sample position were sup-
pressed to be below the order of one lT/m. Please see the
supplementary material for the analysis of the applied and
concomitant tensors.9
To demonstrate the feasibility of the gradient field com-
pensation method, the compensation effect was studied by
recording the FID signals of two tap water samples men-
tioned above. First, the Gxx component was compensated by
G
ðmÞ
xx . In consequence, the two-peak NMR spectrum recov-
ered to a single peak and the free induction decay (FID) sig-
nal of Fig. 3(b) lasted about 0.5 s. When the three imaging
gradient fields were applied, the FID signal duration in Fig. 3
(c) was extended to 1.0 s, corresponding to a linewidth of
about 1.6Hz. After all the six gradient coil pairs were uti-
lized for compensation, the FID signal in Fig. 3(d) reached
more than 2.5 s, 5 times longer than that compensated with
only Gxx. In order to check if more directions of compensa-
tion are needed, the multi-echo train of this water sample, the
grey trace in Fig. 3(d), was recorded to calculate the T2 time
with the Carr-Purcell-Meiboom-Gill (CPMG) pulse
sequence. Six p pulses were excited after the p/2 pulse with
time intervals of 300ms. It is clearly seen that the envelope
of the compensated FID almost touches that of the echo
train. This means that the compensation result already comes
close to the optimal situation. The corresponding linewidth
of 0.76Hz meets the requirement for MRI experiments.
In order to test the effect of the gradient compensation,
2D MRI experiments were performed using the filtered
back-projection approach. A winter melon, an Asian vegeta-
ble, was chosen as the sample. It was carved into an O-shape
with outer diameter of 4 cm and inner diameter of 2 cm. A
photo is shown in the inset of Fig. 4(a). For this symmetric
sample, the direction of the gradient field was rotated from
0 to 180 in 12 steps. The gradient field strength was
23.5 lT/m. Both FID and spin echo were recorded with aver-
aging up to 25 times for each projection, see Fig. 4(a). We
reconstructed the images with different numbers of averages,
FIG. 1. Schematic of the ULF MRI system.
FIG. 2. (a) Fluxgate configuration for gradient field tensor detection. Six
triaxial fluxgate units (18 fluxgates) are positioned at the indicated locations.
(b) depicts the continuously measured environmental gradient field Gxz over
4 h time.
102602-2 Dong et al. Appl. Phys. Lett. 102, 102602 (2013)
 This article is copyrighted as indicated in the abstract. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to IP:
134.94.122.242 On: Thu, 21 Nov 2013 13:25:21
single shot, 10 averages, and 25 averages, as depicted in
Figs. 4(b) and 4(c). In the single-shot image, the sample con-
tour can be already recognized, but the image is partly dis-
torted because of the noise. When the averaging number is
increased, the imaging quality is evidently enhanced. The
total imaging time for acquiring a 25-times averaged image
was about 100 min, nearly 60% of which was the prepolariz-
ing time.
Another advantage of gradient compensation was also
demonstrated. In the experiments, the samples were polar-
ized with a permanent magnet pair. The signal-to-noise ratio
is significantly increased as compared to polarization by
electromagnets.10 However, the leakage of magnetic field
lines will cause an additional gradient field which may affect
the Bm homogeneity. Therefore, the magnet pair was pro-
tected by the soft iron yoke and set 1.5 m away from the
SQUID sensor. After introducing the gradient field compen-
sation method, a reduction of the distance between magnet
and SQUID was possible. We moved the magnet 1 m closer
to the sensor, so the distance was only 0.5 m. The duration of
the FID signal of the two-bottle water sample still can be
compensated to be about 2 s (Fig. 5). The inset of Fig. 5
shows its FID signal without gradient field compensation.
Note that the sample transporting time is shortened from
1.42 s to 0.8 s. The transporting time can be further
decreased by either decreasing the magnet-sample distance
FIG. 3. (a) The gradient compensation coil system. It consists of 6 sets of
coil pairs generating G
ðaÞ
xx , G
ðaÞ
xy , G
ðaÞ
xz , G
ðaÞ
yx , G
ðaÞ
yy , and G
ðaÞ
yz ; (b) and (c) the FID
signals with Gxx and GxxþGxyþGxz applied; (d) the FID signal (the black
trace) obtained after all six components are compensated, and the multi-
echo train (the gray line) recorded without gradient compensation. All the
FID signals were averaged 5 times.
FIG. 4. (a) FID and spin echo signals of a slice of winter melon. The number
of averages is 25. The inset shows a photo of the sample, with outer diameter
of 4 cm and inner diameter of 2 cm. The MRI images reconstructed from echo
signals are depicted: (b) single shot and (c) 25 times averaged.
FIG. 5. The FID signal of two-bottle water sample with sample-magnet dis-
tance of 0.5m. The inset is its FID signal without gradient field compensation.
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or increasing the transporting speed. Therefore, the perma-
nent magnet polarization method should be suitable for sam-
ples with a short transverse relaxation time T2 sample
utilizing gradient field compensation.
In conclusion, a gradient tensor detecting and compen-
sating system was demonstrated to be effective for ULF
NMR/MRI without magnetic shielding. NMR water signals
with a linewidth of 0.76Hz and 2D MRI images were
recorded with low-Tc second-order gradiometer. With this
gradient field compensation method, an inexpensive ULF
NMR/MRI system can be realized for biological samples.
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